As normally used, no commercially available camera has a low-enough dark noise to directly produce video recordings of double-slit interference at the photon-by-photon level, because readout noise significantly contaminates or overwhelms the signal. In this work, noise levels are significantly reduced by turning on the camera only when the presence of a photon has been heralded by the arrival, at an independent detector, of a time-correlated photon produced via parametric downconversion. This triggering scheme provides the improvement required for direct video imaging of Young's double-slit experiment with single photons, allowing clarified versions of this foundational demonstration. Further, we introduce variations on this experiment aimed at promoting discussion of the role spatial coherence plays in such a measurement. We also emphasize complementary aspects of single-photon measurement, where imaging yields (transverse) position information, while diffraction yields the transverse momentum, and highlight the roles of transverse position and momentum correlations between down-converted photons, including examples of "ghost" imaging and diffraction. The videos can be accessed at http://sun.iwu.edu/~gspaldin/SinglePhotonVideos.html online.
I. INTRODUCTION
To a great many, the word photon brings to mind a picture of a particle-like ball (or, perhaps, a ray that describes the ball's trajectory). Such a photon cannot exist. Yet these notions are so widespread that they have led to suggestions that physicists ought to receive special training and a license before being allowed to use the word "photon."
1 Such training would undoubtedly center upon discussion of Young's double slit experiment, which falls into a small class of experiments that have a special place in both the history and development of physics. Generically, illumination of a double slit with spatially coherent light (usually an expanded laser beam) creates sinusoidal fringes in the far field. These fringes persist even when the illumination light source is reduced in intensity such that no more than one photon is present within the region of the slits at any time, providing the archetypal example of single-particle interference and wave-particle duality.
As enshrined in the uncertainty principle, duality is characterized by an intrinsic incompatibility of simultaneously defined position and momentum for a single particle. Whereas knowledge of which slit the photon is transmitted through defines the photon's transverse position in the plane of the slits, knowledge of the photon's position in the far field (i.e., within the interference pattern) gives its transverse momentum. However, physically configuring the experiment in such a way as to provide knowledge of which slit the photon passes through prevents observation of an interference pattern.
2
The mainstream contemporary interpretation of quantum mechanics is that this incompatibility extends beyond considerations of measurement-induced perturbations, and is rooted in an inherent uncertainty associated with the particle itself.
In terms of the philosophical debate, rather than the "which slit" question it is the mechanism by which the extended photon wavefunction is collapsed (or projected) into a specific location in any one of the many sinusoidal far-field fringes that is most contentious (the "measurement problem of quantum mechanics"). Whereas Einstein raised 3 key questions about the outcome of such an experiment, i.e. whether or not "hidden variables" contained information about which fringe the photon would be observed in, the mainstream contemporary interpretation is that the outcome remains a probabilistic distribution until (at least) the moment of irreversible interaction with the detector. 4 Yet this notion that a single-photon event remains indefinitely in a superposition of different fringes until the moment of detection presents challenges to our conventional understanding. In the case to be presented here, using spatially separated detectors for an entangled pair of photons, the nature of wavefunction collapse becomes even more interesting to consider, as the consequences of this collapse can be taken, incorrectly, to imply a nonlocal cause and effect! Despite the central conceptual role in modern physics that is played by single-photon interference, there have been few visualizations of actual data presented for Young's double-slit interference experiment. Indeed, none of these previous examples have included direct 2D video imaging of the distribution of single-photon detection events. The videos supplementing this article, which are intended for classroom use, aim to address this need, and can be found at <http://sun.iwu.edu/ gspaldin/SinglePhotonVideos.html> online. Representative frames are shown in Fig. 1 It is essential that compelling experimental data be made available for the purpose of introducing students to foundational phenomena, especially when those phenomena differ markedly from expectations based upon common experience, as is often the case with quantum physics. Quantum Physics is one of the conceptual pillars of the physics curriculum, and is the required framework for understanding (and teaching) a broad range of topics. For example, Intel has released chipsets based upon 14 nm components, and is in pre-production of 10 nm-linewidth designs; at such scales, classical rules of conduction are superseded, and so any student thinking of becoming an electrical engineer should be introduced, at some level, to quantum principles. Similarly, teaching Materials Physics often requires establishing a foundational understanding of basic quantum mechanics. Students are fascinated by the potential for quantum technologies to enable secure transmission of data (quantum encryption), and to revolutionize computing architectures (quantum computing). Connections to such areas of opportunity can motivate student engagement, but abstract formalism and simulation are not, alone, sufficient: pedagogical discussions about experimental observations can help to assure students that the dialog is well grounded.
FIG. 2. Down-conversion: ωpump = ω1 + ω2. A single 355 nm photon can be absorbed and re-emitted as a pair of quantum mechanically entangled photons, each with wavelength 710 nm, chosen because it is the wavelength of peak quantum efficiency for the detectors used. However, even if pump beam is well collimated, the output is not.
II. CORRELATED PHOTONS
In this paper, critical use is made of pairs of photons that are produced by parametric down-conversion within β-barium borate crystals (hereafter "BBO"). There are a number of introductions to downconversion, 5,6 but here we highlight several constraints placed upon the downconversion process. First, down-conversion replaces one photon with two new photons. The energies of the emitted pair of photons must, according conservation of energy, add up to the energy of the incident pump photon: ω pump = ω 1 + ω 2 . This implies that the pair of photons must have been emitted from the same spatial position within the crystal where the first photon is absorbed. Moreover, the momenta of the emitted pair of photons must add up to the momentum of the incident photon. These constraints upon position and momentum might seem to challenge the uncertainty principle which, as noted above, states that position and momentum cannot be simultaneously well-defined for any single photon.
However, because the conservation principles only constrain the summed properties of the two down-converted photons, they cannot be described individually, but only as an "entangled" two-particle wavefunction. For example, though the fact that the sum of their momenta is fixed means that their transverse momenta must add to zero, the momentum of each individual photon is not defined; the two-particle wavefunction itself contains a superposition of individual momentum values for each photon. In a similar fashion, properties such as the energy, angular momentum, and polarization of each individual photon in the pair can be engineered, depending upon the experimental design, to have no definite values until a measurement is made. 7, 8 (Entanglement persists over the length scales probed by our experiments.
9,10 ) While the two well-defined rays sketched in Fig. 2 might suggest that the down-converted photons should emerge at well-defined angles, experiments show that light emitted from the down-conversion process always has an angular range. In our experiment, the light emitted at ω 1 and the light emitted at ω 2 are essentially collinear, but there remains a spread in the angular distribution that arises due to geometric effects associated with the length of the down-conversion crystal.
11 (For the experiments shown here, we used a 3 mm thick BBO crystal.) Because the light spreads more quickly than would be the case for a Gaussian mode, the BBO crystal must be considered a multi-modal source. However, as demonstrated below, production of an interference pattern with high-contrast fringes requires the high degree of spatial coherence associated with a single-mode source. Fig. 3 , illustrating our basic experimental approach, features a pump laser at far right, followed by the BBO crystal, from which we extract down-converted photon pairs (and block any transmitted light at the pump frequency). The time-gated, intensified CCD (ICCD) camera at far left is capable of detecting the down-converted photons but, to reduce noise, needs to be time gated: that's the purpose of the beamsplitter and the heralding arm. The camera will only record data in those instances where one photon takes the path to the heralding detector, which provides the trigger signal to the camera's gate, while the other member of the down-converted pair goes on to be detected by the camera. Along the way to the camera, this photon encounters the slits. In order to produce a high-contrast interference pattern, there needs to be some workaround for the fact that the BBO crystal is a multi-modal source, and so lacks the required degree of spatial coherence. The key is to use a single- The signal-to-noise ratio is improved by using the heralding detector to only trigger the time-gated intensified CCD (ICCD) camera when a time-correlated photon is due to arrive. The two slits used here were each 100 microns wide, with a center-to-center separation of 500 microns.
III. EXPERIMENTAL SETUP
mode optical fiber to limit what light makes it into the heralding detector, and exploit the fact that the camera will only detect down-converted photons that are highly correlated with those detected by the heralding detector: essentially, it is as if the slits were being illuminated by a single-mode source.
Some further details of this experimental apparatus may be of interest. In our experiment we use type-I spontaneous parametric downconversion (SPDC) in a collinear regime, which is why we require a beamsplitter to separate the output photons. This separation occurs in a probabilistic manner: separation efficiency at the beamsplitter is only 50%. However, as this loss is before the photons interact with the object it does not affect the heralding efficiency of the system. The downconverted photon pairs are separated from the remaining pump beam after the BBO crystal by use of a "cold mirror," which is the term used for a standard, commercially available dielectric mirror that reflects short wavelengths while very efficiently transmitting infrared wavelengths. The reflected pump beam was sent to a beam dump, while the transmitted light was filtered by a 10 nm bandwidth high transmission interference filter centered on 710 nm to ensure that only the down-converted photons are present in our system. The slits used here were 100 microns wide, with a center-to-center separation of 500 microns. The heralding detector we have used is a fiber-coupled single-pixel, single-photon avalanche diode ("SPAD") with quantum efficiency at 710 nm of approximately 65%. Detection of a photon produces a short (15 ns) TTL pulse that is used to trigger the camera. An optical delay line added to the camera arm compensates for the electronic delay associated with this triggering. Measured dark-count rates for this SPAD were roughly 100 per second, but these would normally only result in a blank image at the camera. Crucially, the gating time on the camera is limited to a 5 ns coincidence window, so the contribution of noise from the camera photocathode is also minimal. The photon flux used for this experiment was such that the camera detects only the single, correlated photon in each coincidence window. The signals from multiple coincidence windows can be accumulated on the CCD chip over a longer exposure period before the frame is read out. Individual frames may therefore contain multiple photon events, although the accumulation time was always such that there was statistically much less than one photon per pixel in any frame. For presentation purposes, during post-processing the videos have been recompiled such that the photon arrival rate increases exponentially as the video progresses.
Except for the camera, which is an (Andor iStar gen III) intensified CCD, hundreds of institutions already have all of the elements of the set-up shown, in undergraduate instructional labs. For example, educationally priced SPADs are available from the Advanced Laboratory Physics Association (ALPhA).
12 Regardless, any institution may make use of the video data provided with this article.
As possible extensions of this work, we note that it is possible to perform similar studies, with compromised spatial resolution and loss of 2D information, by using multiple SPADs arrayed along a line rather than a twodimensional ICCD camera.
13 Such experiments could be performed even more affordably by using a single, scanning-fiber detector in place of the ICCD camera. However, when using a scanning detector, each image would have to be built up from exposures taken with the detector in N different locations, yielding N distinct pixels in the reconstructed image. The detection efficiency of the imaging system would fundamentally be limited to a maximum of 1/N, thus increasing the collection time by a factor of N. Here, this limitation is overcome by replacing the scanning detector by a two-dimensional ICCD camera, thereby detecting all photons irrespective of their position within the image, an approach which opens up many opportunities.
14,15 All of this begs the question: what is the minimum number of photons required to form an image? With conventional cameras, of order 10 12 photons would be collected for each image. 16 For a megapixel camera, this corresponds to 10 6 photons per pixel. Our paper describes two distinct imaging modes, each utilizing the same components: heralded imaging and ghost imaging.
17 In both configurations it is possible to produce high-quality images from an average of much fewer than one detected photon per image pixel.
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IV. HERALDED MEASUREMENTS
In our heralded imaging system, we exploit the strong temporal correlations between the down-converted photons to obtain photon-by-photon measurements of an image of a double slit and, in a separate experiment, we capture the diffraction pattern obtained from the sin- gle photons passing through the slits. Again, without such heralding, the readout noise associated with any commercially available camera would significantly corrupt or completely swamp the single-photon signal of interest.
19,20
The optics following the BBO crystal re-images the down-converted light onto the double slits. So, when the camera is located in an image plane of the BBO crystal (as is the case when using the optics represented by the lenses shown in orange in Fig. 3) we capture an image, one photon at time, of the slits, rather than the interference pattern produced by those slits. Conversely, by substituting the 500 mm lens shown in green in Fig. 3 for the two 250 mm lens shown in orange, we can instead capture the double-slit interference pattern (also one photon at a time).
To promote discussion of the role of spatial coherence, we show the effects of replacing the single-mode optical fiber that couples light into our heralding detector with multi-mode fiber. Accepting this broader range of heralded photons means that the slits themselves are effectively being illuminated with a multi-mode source. As a consequence the diffraction patterns are largely erased, as shown in Fig. 4 , while imaging is far less affected, as demonstrated in Fig. 5 (though the increased vertical spread of the detected signal should be noted, as it is indicative of the multi-modal illumination).
Simply put, imaging tells us about the transverse (hori- zontal) spatial location of photons within the plane of the object being imaged. Because the location of the slits in that object are the same, regardless of whether we use single-mode or multi-mode fiber, the imaging results can be roughly comparable. On the other hand, diffraction depends upon the transverse momenta of the photons as they exit those slits. Clearly, the diffraction pattern is sensitive to the degree of spatial coherence, while imaging is robust.
V. SPATIALLY CORRELATED GHOST MEASUREMENTS
Having discussed the importance of temporal correlations, we turn to another configuration, shown in Fig. 6 , designed to highlight the importance of nonlocal spatial correlations. Specifically, we also took data when our slits were placed into the arm that does not contain the camera. Using this version of the set up, even though the photons collected by the camera have never interacted with the two slits, it is nevertheless possible to perform experiments revealing information about either imaging or diffraction. Such experiments are referred to as ghost imaging and ghost interference, 21 with the word "ghost" referencing Einstein's concern over "spooky action at a distance." the plane of the ghost image are conjugate image planes. Yet, were it not for the heralded triggering employed, the complete set of photons hitting the ICCD camera would reveal only the incident (Gaussian) beam shape. Nor could the data collected by the SPAD (which contains no spatial information), taken on its own, reveal an image. Rather, it is the correlation between the two data sets that allows us to select out those photons required for image construction. Opportunities for discussion are extended much further when we reconfigure our setup so as to examine the far field, where we expect (according to the classical schematic in Fig. 2 ) the photons to have diverged. By inserting the optics represented by the lens shown in green in Fig. 6 , we capture the ghost far-field double-slit interference pattern as shown in Fig. 8 , rather than a direct image of the object containing the slits. The spacing of the fringes in a diffraction pattern can be calculated using the slit geometry and the distance from the diffracting object to the detector. For the case of ghost diffraction, it may not be immediately obvious what distance to use. An appeal to the literature shows that, in order to fit the fringe spacing observed in ghost diffraction, earlier experimental configurations made use of the distance from the diffracting object back through the beam splitter to the (finite extent) BBO crystal and then along the path to the ICCD camera (including any intervening lenses), as if the light were traveling backwards in time.
22 This "Klyshko model" has found broad applicability to ghost optics. 23 However, it would be incorrect to conclude that the collapse of the two-particle wavefunction implies nonlocal cause and effect. Ghost diffraction illustrates how the uncertainty principle applies to the two-photon wavefunction (rather than to the two photons individually): a constraint placed upon transverse position within the heralding arm reveals transverse momentum information in the ghost arm. This may seem a bit more spooky than the position correlations revealed in earlier portions of this paper, but is the full extent of the nonlocal weirdness. In our experiment, the signal distribution in the ghost diffraction plane is simply the Fourier transform of the amplitude of the distribution found in the ghost image plane. Thus, the fringe spacing observed is determined by the effective focal length of the optics utilized. Moreover, given the optical layout incorporated in the experiments presented here, the ghost diffraction plane and the heralded diffraction plane are 1:1 equivalent planes. That is, in our observations the fringe spacing in ghost diffraction are the same as those observed in heralded diffraction. Students should be encouraged to compare the observed fringe spacing to the theoretical prediction, which can be calculated to be f λ/d, where d is the centerto-center distance between the slits, λ is the wavelength of the down-converted light, and f is the 500 mm focal length of the lens which lies between the image plane of the slits and the far-field interference pattern. Again, the double slit used here had a center-to-center separation of 500 microns.
VI. CONCLUSION
Quantum mechanics is full of counter-intuitive phenomena.
For this reason, we believe it to be useful that real experimental data be used to introduce students to some of the foundational phenomena of quantum mechanics.
The processed video versions of the data described in this article are available at <http://sun.iwu.edu/~gspaldin/ SinglePhotonVideos.html> online, and are intended for incorporation into classroom discussions. In support of those discussions, we highlight some of the more accessible articles that might be of use to this audience. Downconverted photons play an important role in a series of instructional labs in quantum mechanics that are becoming a widespread and important part of the undergraduate curriculum in physics [24] [25] [26] [27] (providing evidence for the existence of photons 24, 28 and the tendency of bosons (such as photons) to bunch together, 28 as well as addressing, e.g., how one might produce entangled photons for quantum computing and teleportation, 29 or for disproving local realism, [30] [31] [32] etc. 33, 34 ).
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